The penetration of renewable distributed generations (RDGs) into traditional distribution systems (TDSs) remedies many of its deficiencies and shortcomings. Also, it provides mutual technical, economic and environmental benefits for both electricity companies and their customers as well. With a 25% load increase for the standard IEEE 30-bus system, buses 19, 26 and 30 have the lowest voltage magnitudes among all buses. Therefore, these weak buses are selected initially to allocate RDGs. Three cases, namely, one RDG allocated, two RDGs allocated and three RDGs allocated, of RDGs insertion are covered. A novel crow search algorithm auto-drive particle swarm optimization (CSA-PSO) technique is proposed for the first time in this study to specify the optimal allocation, sizing, and number of RDGs based on the total cost and power losses minimization objectives. A new reduction percent formula is used to estimate the reduction in total cost and the total power losses. These will help us to discern between the best cases based on total cost minimization and those based on total power losses minimization to pick up the best among all best cases. In brief, RDGs allocated on buses 19 and 30 is the best among all cases based on total cost reduction and total power losses reduction. Therefore, buses 19 and 30 are recommended to allocate a wind farm and a solar photovoltaic, respectively based on technical and economic issues. Finally, the simulation findings revealed the superiority of the CSA-PSO algorithm in solving the optimal power flow problem with RDGs compared to the state-of-the-art metaheuristic techniques.
I. INTRODUCTION A. MOTIVATION AND INCITEMENT
In recent decades, distributed generation (DG) has earned a great attention from utilities with the dramatic increase in electric demand, deregulated power systems, and congested transmission power networks in the traditional distribution systems (TDSs) that are operating in central, radial and unidirectional manners. These TDSs are subject to voltage instability, high power losses as a result of the high R/X ratios The associate editor coordinating the review of this manuscript and approving it for publication was F. R. Islam .
in distribution lines and are not appropriate for addressing environmental, technical, and economic issues in the electricity market. The voltage instability problem may expose the security of power system to a malfunction that may lead to a partial or total severe outages occurrences causing blackouts as have been experienced and witnessed globally in some countries [1] - [3] .
The insertion of DGs, especially renewable distributed generations (RDGs), into the TDSs, become compulsory to overcome the deficiencies and shortcomings of TDSs. They have many benefits over the TDSs, including technical, economic and environmental benefits to the electric utility and its VOLUME 8, 2020 This work is licensed under a Creative Commons Attribution 4.0 License. For more information, see http://creativecommons.org/licenses/by/4.0/ customers. Technical benefits include reducing transmission power losses, improving voltage profile, enhancing stability, and reliability, alleviating transmission and distribution congestion, and increasing the overall power system efficiency. Whereas, economical benefits include fuel savings, reduction of electricity price, and reduction of the generation, transmission, and distribution costs because the DG units are allocated closer to the load centers. Also, operational and maintenance costs as well as the reserve requirements and costs will be decreased [4] - [7] . In addition, environmental benefits, such as greenhouse gas emissions reduction, pollution-free environment creation, and CO 2 emissions reduction will be accumulated [8] - [10] . These multiple benefits cannot be achieved without the appropriate allocation and sizing of the DGs in power system networks. Their improper allocation and sizing may increase the power losses that could lead to the unsatisfactory performance of the electricity infrastructure (low quality, instability, and unreliability) [11] , [12] .
B. LITERATURE REVIEW
Numerous optimization techniques are developed, adopted and utilized to solve the optimal power flow (OPF) problem related to the RDGs. These optimization techniques can be categorized into analytical, conventional, and soft computing optimization techniques. Each optimization technique has its own pros and cons. Although analytical techniques are non-iterative, accurate, efficient, easy in implementation, and consume less computational time, they are not appropriate for multiple DGs and multiple objectives alone. In [7] , [13] - [17] , an analytical formula was used to specify optimal allocation and sizing of a single DG and single objective (power losses minimization) in a power distribution system. In these studies, four different formulas were used to calculate the total active power losses in a power distribution system. These formulas are called exact, branch current, branch power flow, and voltage formula [7] , [13] - [17] . Conventional techniques include linear programming (LP), nonlinear programming (NLP), dynamic programming (DP), sequential quadratic programming (SQP), ordinal optimization (OO), optimal power flow (OPF), and continuous power flow (CPF) [18] . On the other hand, soft computing techniques are efficient in finding global solutions, and can be divided into artificial intelligence (AI) and bio-inspired (BI) optimization techniques. The optimization techniques based-AI include differential evolution (DE) [19] , fuzzy logic control (FLC), genetic algorithm (GA) [20] - [22] and artificial neural network (ANN). Whereas, the other ones based BI include particle swarm optimization (PSO) [19] - [23] , [24] , cuckoo search optimization (CSO), teach learningbased optimization (TLBO) [25] , ant colony (AC), simulated annealing (SA), artificial bee colony (ABC), intelligent water drop (IWD), and the shuffled frog leaping algorithm (SFLA) [18] - [26] . Optimal siting and sizing of the DGs depend on the objective functions which are determined by the designers and planners and need to be achieved. The objective functions may be single or multi-objective functions depending on the planning process, and they may include technical or economic issues under some equality, and inequality constraints. Some researches [1] - [25] , [27] - [32] have focused on technical issues like power losses (active and reactive), loadability, voltage deviations, voltage stability and emission of generating units while they overlooked the economic issues. Whereas, other researches [21] , [33] - [36] focused on economic objectives like fuel cost, active, and reactive power costs and optimal DGs investment cost while they neglected the technical issues.
C. CONTRIBUTION AND PAPER ORGANIZATION
On the basis of the previous literature review, this paper is counted as the first study that proposes a novel crow search algorithm auto-drive PSO (CSA-PSO) to determine the optimal allocation, sizing, and number of RDGs based on both total cost minimization and power losses minimization. The proposed CSA-PSO was applied to the standard IEEE 30-bus test system for solving the OPF problem with RDGs. The objective of hybridization is not only improve the performance of the traditional PSO but also to do two sub-roles or two-sub problems at the same time. In addition, hybrid CSA-PSO integrates the advantages of the CSA and PSO in order to follow the OPF global solution in the searching area. Each metaheuristic algorithm has its own merits and task. CSA performs a function or a role (outer loop) while PSO performs a different role (inner loop). CSA is the outer metaheuristic algorithm used to automatically specify the optimal sizing of the RDGs (global searching of optimal RDGs allocation and sizing). Whereas, PSO is the inner metaheuristic algorithm that used for the optimal power flow of the power distribution system after RDGs insertion (local searching of OPF solution including RDGs). Therefore, it can be said that the proposed CSA is auto driving PSO for optimal allocation and sizing of the RDGs. For validation and substantiation purposes, the results obtained with a hybrid CSA-PSO were compared with three other metaheuristic techniques, which are the phasor particle swarm optimization, and a gravitational search algorithm (PPSOGSA) [34] , TLBO, and PSO [37] algorithms. Detailed comparisons and verifications are introduced with and without RDGs penetration based on two different objective functions; total cost minimization and power losses minimization. Three cases of RDGs insertion are covered; one RDG allocated (Case#1), two RDGs allocated (Case#2) and three RDGs allocated (Case#3). A new reduction percent formula is used to evaluate the total cost reduction and the total power losses reduction. These will help in discerning between all the best cases based on the total cost minimization and those based on total power losses minimization in order to pick up the eventual optimal allocation, sizing, and numbers of RDGs. The rest of this paper is organized as follow: Section 2 introduces the OPF mathematical problem formulation with RDGs. Section 3 presents the improved IEEE 30-bus power distribution system. In Section 4, wind farm and solar photovoltaic generation systems are introduced and discussed. Section 5 the crow search auto-drive PSO algorithm for OPF solution with incorporating RDGs is explained. In the next sections, the results are presented and discussed followed by the conclusions.
II. OPF MATHEMATICAL FORMULATION WITH RDGS
The OPF is a non-linear optimization problem that is solved through identifying the control (independent) variables based on the minimization of a predetermined objective function subject to some equality and inequality constraints. In general, the OPF mathematical problem can be expressed by Eq.(1) [35] , [36] .
Related to:
where F Obj is the objective function required to be minimized; g(x, y) is the equality constraints; h(x, y) is the inequality constraints; x and y are the vectors of control (independent) and dependent variables, respectively. The control variables control the power flow in the network and can be formulated in a vector as follow:
where P NG is the generated power at all generation buses except the slack bus, V NG is the voltage at generation buses, TS NT is the transformers tap-setting, and Q NC is the shunt VAR compensators. NG, NT, and NC are the total number of generators, transformers and shunt VAR compensations, respectively. The state (dependent) variables describe the power system state and can be expressed in a vector as follow:
where P 1 is the generated power at the slack bus, V L is the voltage at load buses, Q NG is the reactive power of all generation units, and S l is the loading of transmission lines. NTL and NL are the transmission line numbers and load bus numbers, respectively.
A. OBJECTIVE FUNCTIONS
In this work, two different objectives are taken into consideration, namely, the total cost minimization and transmission losses minimization. The details of these objectives are introduced below.
1) TOTAL COST MINIMIZATION
The essential objective function considered for optimal sizing of RDGs (wind and photovoltaic) in addition to the OPF problem is the total generation cost. The total generation cost (F C−Tot ) includes three main parts, which are the fuel cost of the thermal generation units (F C−Th ), the cost of the RDGs (F C−RDGs ), and the penalty of the inequality constraints. F C−Tot can be expressed as follow:
where F C−Th is a quadratic function of the active power generated and can be expressed as follows [35] , [36] :
where, a i , b i , c i are the cost coefficients of the i th thermal generation unit that generate P Gi . F C−RDGs equals the summation of both the cost of wind (F C−W ) and photovoltaic (PV); (F C−PV ); power systems as follow:
The direct cost function of the wind power (F C−W ) is a function of the scheduled/estimated power which can be formulated as follows [35] , [36] :
where, g i is cost coefficie is the scheduled/estimated power from the wind farm. Similarly, the direct cost function of the solar PV generation system (F C−S ) is a function of the scheduled/estimated power which can be formulated as follows [35] , [36] :
where, g k is the cost coefficient of the PV generation system k, and P PVs−k is the scheduled/estimated power from the PV generation system. The control or independent variables are self-constrained while the independent variables related to the power system state are embedded in the objective function. The penalty for the previous state variables mentioned in equation (6) can be expressed as follows [38] :
where λ P , λ V , λ Q , and λ S are the penalty factors of the slack bus generated power, reactive power of all generation buses, voltage of load buses and transmission lines loadings respectively. The penalty equals 0 if the solutions are acceptable, and the dependent variables are between the lower and upper limits. Conversely, it has a value if the solutions are located outside the predetermined range. VOLUME 8, 2020
2) TRANSMISSION POWER LOSSES MINIMIZATION
The transmission power losses (P Loss ) is one of the critical objectives that must be minimized in the OPF problem. P Loss in a power distribution system can be expressed as follows [23] - [35] , [36] :
where V i is the bus i voltage; V j is the bus j voltage; g ij is the conductance between i and j buses; δ i is the bus i voltage angle; δ j is the bus j voltage angle; NBr is the number of branches; P Loss is the objective function, which needs to be minimized.
B. OPF EQUALITY AND INEQUALITY CONSTRAINTS
The OPF problem includes equality and inequality power flowOPF constraints, which must be satisfied during this optimization problem. Equality constraints represent the power flow equations. Both active and reactive power are necessary to be equal with the power demand and power losses in the power system networks as follow [35] , [36] - [39] , [40] :
where δ ij = δ i −δ j is the voltage angles difference between i and j buses, NB is the buses number, P Di and Q Di are active and reactive power demands on bus i, respectively. P Gi and Q Gi are active and reactive power generated on bus i from any generation source.
G ij and B ij are admittance matrix elements (conductance and susceptance);
The inequality power flow constraints reflect the upper and lower limits of the power system instruments in order to guarantee the security of the power system. These inequality power flow constraints are introduced in the following equations: where equations (15), (16) , and (17) are the generators inequality constraints; Eq. (18) is the transformers inequality constraints; equation (19) is the shunt compensators inequality constraints; and equations (20) and (21) are the security inequality constraints.
III. IMPROVED IEEE 30-BUS TEST SYSTEM WITH RDGS
In this research, the IEEE 30-bus power distribution system is improved by inserting the RDGs; wind turbine and solar photovoltaic generation units; on the weak buses (bus19 and bus30), as shown in Fig.1 . The data for the improved IEEE-30 bus power distribution system used in this research are summarized in Table 1 . Three weak buses (bus19, bus26 and bus30) that have the lowest voltage are selected for investigation. Three cases of RDGs insertion (one RDG allocated, two RDGs allocated, and three RDGs allocated) are covered and discussed. The reason behind this is to determine the optimal RDGs allocation, sizes, and numbers based on the total cost and power losses minimization objectives. This topic will be discussed in detail in the simulation results section. A novel CSA-PSO algorithm is proposed in this study to solve the OPF problem including RDGs. For the validation and substantiation purposes, the new proposed CSA-PSO is compared with the state-of-the-art metaheuristic techniques PPSOGSA [34] , TLBO, and PSO [37] algorithms.
A new formula reduction percent is proposed to calculate the reduction percent in total cost and power losses, respectively. These will help us to discern between the best cases (best one RDG allocated, best two RDGs allocated, and best three RDGs allocated) to pick up the best-of-the-best RDGs cases based on both technical and economic factors. Reduction percentage refers to the minimization amount percent of the objective function (total generation cost or total power losses). It equals the difference between the objective 
IV. WIND FARM AND SOLAR PHOTOVOLTAIC GENERATION SYSTEMS
Each wind turbine (WT) has its parameters i.e. cut-in speed (u in ), rated speed (u r ), cut-out speed (u out ) and rated or maximum power (P r ). Also, each location has its wind speed characteristics. The wind speed characteristics in any location are the Weibull scale parameter (c) and the Weibull shape parameter (k). Matching between the WT characteristics and the location characteristics produce an increase in the wind energy generated and a reduction in the energy cost. Eltamaly and Farh [41] proposed a criterion to select the appropriate WTs for each location based on which WT and location have a maximum capacity factor (CF) and minimum energy cost [41] . The wind speed (u) distribution likes approximately the Weibull distribution as follow [41] , [42] :
f (u) is integrated to estimate the cumulative distribution function as follows:
The output power generated from the WT generator depends on both the wind speed (u) of the site and the WT parameters as shown in Eq. (25) [37]- [43] .
where u is the wind speed; u in , u r , u out and P r are the WT parameters.
A solar photovoltaic generation system can be used as a RDG at the weak buses to cover the load increase and add some technical, economical and environmental benefits to the power system. It includes a PV array connected to the load bus through a DC-DC converter and a DC-AC inverter. The PV array contains some parallel strings. Each string has a series of PV modules. The output power generated from the PV array can be increased through tracking the maximum power under uniform and partial shading conditions [44] - [47] . Also, it depends on location characteristics, such as temperature and irradiance. Also, it is a function of the irradiance (G) of the location and the rated power of the PV modules (P r ) given by Eq. (26) [48] :
where G STC is the irradiance at standard test conditions (STC) (1000W.m −2 ) Rc is a certain irradiance, and Pr is the rated power of the PV generation unit.
V. PROPOSED CROW SEARCH ALGORITHM AUTO DRIVE PSO TECHNIQUE
A crow search algorithm (CSA) represents one of the metaheuristic algorithms that were proposed by Askarzadeh in 2016 [49] . CSA emulates the social behavior of the crow birds. These intelligent birds live in groups and have small body size but large brains. Also, they can remember the hiding places of their food and reassemble it even after a long time. Crows follow the other crows in order to observe their food's hiding places and steal it once they leave. If a crow feels that another one is following it, it moves to another place far away from the food's hiding place in order to deceive the following birds. The CSA principles are summarized below:
-Crows live in a group. .
where x t i is the position of each crow i at iteration t with the problem dimension d where x t i ∈ [L, U] randomly, (i = 1, . . . .., N ).
The whole candidate solutions (X ) of the population size N with dimension d at iteration t can be represented by Eq. (30)
Based on the smart behavior of the crow discussed-above, a metaheuristic CSA is hybridized with the PSO to solve the OPF problem inserting RDGs into the IEEE 30-bus distribution system. CSA auto-drive PSO algorithm is developed and applied for the first time in this paper. CSA is the outer metaheuristic algorithm used to automatically specify the optimal sizing of the RDGs (wind and PV). PSO is the inner metaheuristic algorithm that used for the optimal power flow of the power distribution system after RDGs insertion. The hybrid CSA-PSO is used to specify the optimal sizing of the RDGs based on the total cost minimization of the power system taking into consideration the equality and inequality power flow constraints. The flowchart of the proposed CSA auto-drive PSO is presented in Fig. 2 . Also, the logic of the hybrid CSA-PSO is summarized in the following steps:
Step 1: Initialization of CSA-PSO parameters.
Adjust the initial values of flight length (fl), awareness probability (AP), population size (N ) and the iterations number (t max ). In this study, The CSA parameters are adjusted to be fl = 2, AP = 0.1, N = 25 and t max = 100. Whereas, the PSO initialization parameters are acceleration coefficients (C 1 , and C 2 ) are 1.89 and 2.123 respectively, inertia weight (ω) = −0.162, N = 40 and t max = 100.
Step 2: Position and memory of crow's initialization. Generate the position of crows (initial solutions) randomly; each crows' vector represents a candidate solution as presented in the matrix shown in Eq. (28) .
The initial memory for each initial solution in the population is assigned after estimating its fitness function (objective function) and is represented by a vector M t i as defined in Eq. (29) .
The memory M of all population (crows) at iteration t for dimension d is initialized as shown in Eq. (30)
Step 3: Optimal power flow solution based on PSO. Solve optimal power flow problem using PSO and return the cost of each solution (crows' vector) to estimate the total generation costs, including the RDGs cost (objective function) using Eq. (6).
Step 4: Objective function evaluation. Each initial solution (crows' vector) in the population N is evaluated through calculating its fitness using the fitness function (objective function). Step 5: Position and memory update of crow i. Crow i updates its position and follows crow j in order to know its food's hiding place. Two major states may occur during updating the position as follows:
State 1 (Pursuit): Crow j does not observe that crow i is following it. Therefore, crowi will discover the food's hiding place of crow j and the crow i will update its position based on Eq.(31) [50] , [51] .
where r i is a random number in between [0, 1], and m t j is the memory of crow j.
State 2 (Evasion): Crow j knows that crow i is following it. Thus, crowj will move to random position in order to mislead crow i.
Therefore, the position of crow i at iteration t+1 can be updated for the two states as shown in Eq.(32) [50] , [51] .
where x t+1 i is the new position of crow i, and x t i is the previous position of the crow i.
After the position of crow i is updated, repeat step 3 (PSO routine for optimal power flow solution) and step 4 (objective function evaluated). Also, the memory is updated where each crow (solution) updates its memory according to the fitness value (objective function). If the objective function value of the new crow's position is better than the current memory's value, then it updates its memory; otherwise, the memory will not be changed. The memory is updated based on the following conditions:
is the current value of objective function; f Obj (m t i ) is the memorized value.
Step 6: Termination criterion.
Step 5 is repeated until the iterations number (t max ) is ended. Therefore, the optimal sizing of the RDGs (best solution) is the best memorized position related to the best objective function value.
VI. SIMULATION RESULTS AND DISCUSSIONS
The proposed CSA auto-drive PSO was applied to the IEEE 30-bus test distribution system for solving the OPF problem with and without RDGs. This process was carried out by using MATLAB code V2016. To evaluate the performance of the proposed CSA-PSO algorithm, the results obtained with hybrid CSA-PSO are compared with three other metaheuristic techniques, namely, PPSOGSA [34] , TLBO and PSO [37] algorithms. These detailed comparisons were achieved and introduced with and without inserted RDGs based on two different objective functions; total cost minimization and power losses minimization.
With 25% load increase; the three weak buses that have the lowest voltage magnitude are bus 19, bus 26 and bus 30 as shown in Fig. 3 . These weak buses are selected initially for RDGs allocation. Three cases of RDGs insertion (one RDG allocated, two RDGs allocated, and three RDGs allocated) are discussed. OPF solution with these three cases of inserted RDGs are performed using the new proposed CSA-PSO and compared with PPSOGSA, TLBO and PSO based on total cost and the transmission power losses minimization objectives. The reason behind this plan is to specify the optimal allocation, sizing, and numbers of RDGs based on these two different objective functions. The detailed description, comparison, discussion and analysis of these three cases of RDGs insertion are discussed below.
Case #1: One RDG inserted at weak bus 19 or 26 or 30. This case represents the OPF solution for the IEEE 30-bus test distribution system with one RDGs inserted at weak buses 19 or 26 or 30; separately. Optimal sizing of each RDG on these weak buses has been determined based on the total cost and power losses minimization using the proposed CSA-PSO, and then compared with the three metaheuristic PPSOGSA, TLBO, and PSO algorithms for validation purposes. Table 2 shows the best simulation results for the OPF solution with one RDG inserted at the weak bus 19 or 26 or 30. Also, it provides comparisons of the proposed CSA-PSO to the PPSOGSA, TLBO and PSO to solve this OPF problem based on the two objective functions; total generation cost and total power losses minimization. Some observations resulting from the simulation results presented in Table 2 and Figures 4 and 5 are summarized as follows:
-Insertion of RDG on bus 19 is preferred to minimize the total generation cost, where it achieved the minimum total cost of 694.22 $/h, compared with the total generation cost with RDG on bus 26, or 30. Figure 4 proves that RDGs penetration will reduce the total generation cost compared with the one without RDGs. In addition, penetration of RDG on bus 19 into the test system makes the total generation cost the lowest compared with the penetration of RDG on bus 26 or bus30. Also, it enhances the voltage stability of all buses as witnessed in Fig. 3 . -Insertion of RDG on bus 30 is preferred to minimize the transmission power losses, where it achieved the minimum power losses of 2.2525 MW compared with the power losses with RDG on bus 19 or 26. Figure 5 exhibits that RDGs penetration results in a significant reduction in the total power losses compared with that without RDGs. In addition, penetration of RDG on bus 30 into the test system has the lowest power losses compared with penetration of RDG on bus 19 or 26. -The proposed CSA-PSO has superior performance compared to PPSOGSA, TLBO, and PSO based on the two objective functions (total cost and power losses minimization), as shown in Fig. 4 and Fig. 5 . -In brief, the penetration of RDG on bus 19 is preferred in order to minimize the total generation cost while penetration of RDG on bus 30 is preferred to minimize the power losses. Also, the proposed CSA-PSO outperformed the other three metaheuristic PPSOGSA, TLBO and PSO algorithms to solve the OPF problem with and without RDGs. Finally, the optimal control variables of the test power system with RDG on bus 19 are introduced in Table 3 . 26) or (19 and 30) or (26 and 30) -This case represents the OPF solution for the IEEE 30-bus test distribution system with two RDGs inserted at the weak buses 19 and 26 or 19 and 30 or 26 and 30.
Case#2: Two DGs inserted at weak buses (19 and
Optimal sizing of each two RDGs has been determined based on total cost and total power losses minimization using the new proposed CSA-PSO and compared to the three metaheuristic PPSOGSA, TLBO and PSO algorithms for the validation purposes. Table 4 introduces the best simulation results of the OPF solution with two RDGs inserted at weak buses 19 and 26 or 19 and 30 or 26 and 30. Also, it provides comparisons of the new proposed CSA-PSO with the PPSOGSA, TLBO and PSO to solve this OPF problem based on the two objective functions (total generation cost and total power losses minimization). The optimal control variables of the test power system with RDGs on buses 19 and 30 are presented in Table 5 . Some observations are summarized from the simulation results introduced in Table 4 and Figures 6 & 7 as follows: -Insertion of RDGs on buses 19 and 30 is preferred to minimize the total generation cost, where it achieved the minimum total cost of 617.09 $/h compared with the total generation cost with RDGs on buses 19 and 26 or buses 26 and 30. Figure 6 proves that the RDGs penetration would reduce the total cost compared with the previous case (one RDG insertion) and the base case (without RDGs). In addition, penetration of RDGs on buses 19 and 30 in the power system has the lowest total cost compared with the penetration of RDGs on buses 19 and 26 or buses 26 and 30. Also, it enhances the voltage stability at all buses, especially on weak buses 19, 26 and 30 as shown in Fig. 3 . -Insertion of RDG on buses 19 and 30 is preferred to minimize the total power losses, where it achieved the minimum power losses of 2.14425 MW compared with the total power losses with RDGs on buses 19 and 26 or on buses 26 and 30. Figure 7 proves that the RDGs penetration has a significant reduction in the total power losses compared with base case (without RDGs). In addition, penetration of RDGs on buses 19 and 30 into the test power system has the lowest power losses compared with the penetration of RDGs on buses 19 and 26 or on buses 26 and 30. -The simulation findings prove the superiority of the new proposed CSA-PSO algorithm to solve the OPF problem with and without RDGs compared with PPSOGSA, TLBO and PSO for both the two objective functions (total cost and transmission power losses minimization), as shown in Fig. 6 and Fig. 7 . Figure 8 shows the convergence characteristic of the proposed CSA-PSO algorithm compared with PPSOGSA, TLBO and PSO. This figure proves that CSA-PSO has the superior performance in terms of convergence time and tracking the global solution followed by TLBO, PPSOGSA, and PSO. In addition, the statistical results given in Table 6 show that the proposed CSA-PSO has the best and more stable solutions compared to other metaheuristic techniques. -In brief, the penetration of RDGs on buses 19 and 30 is preferred to minimize both the total cost and the total power losses. In Addition, the new proposed CSA-PSO has superior performance in solving the OPF problem with and without RDGs compared with the other three metaheuristic PPSOGSA, TLBO, and PSO algorithms.
Case#3: Three RDGs placed at weak buses 19, 26 and 30
This case represents the OPF solution for the IEEE 30-bus test distribution system with three RDGs inserted at weak buses 19, 26 and 30. Optimal sizing of these three RDGs was determined based on the total cost and total power losses minimization using the proposed CSA-PSO and compared with the three metaheuristic PPSOGSA, TLBO, and PSO algorithms for the validation purposes. Table 7 shows the best simulation results of the OPF solution with three RDGs inserted at the weak buses 19, 26 and 30. Also, it provides comparisons of the proposed CSA-PSO with the PPSOGSA, TLBO, and PSO to solve the OPF problem based on the two objective functions (total generation cost and total power losses minimization). Finally, the optimal control variables of the test power system with RDGs on buses 19, 26, and 30 are introduced in Table 8 . Some observations are summarized from the simulation results presented in Table 7 as follows:
-Both the total cost and the total power losses started to increase with the three RDGs inserted at the weak buses 19, 26, and 30 (618.698 $/h and 2.56471 MW), respectively compared with the previous case (Case#2). -The proposed CSA-PSO outperformed the TLBO, followed by the PPSOGSA and PSO algorithm to solve the OPF problem based on both the total cost and power losses minimization objectives. Figure 9 gives us an indication of the relation between the total power losses versus the RDGs sizes of the best simulation results based on total power losses minimization. Based on total power losses minimization as an objective, RDG 30 has the lowest power losses for the case of one RDG insertion while RDGs on buses 19 and 30 has the lowest power losses for the case of two RDGs insertions. On the contrary, the power losses for three RDGs insertion case on buses 19, 26, and 30 started to increase. As shown in Figure 9 , as the RDG size increases, the total power losses decreases until it reaches a minimum value (2.14425 MW) at the RDGs size (60.031 MW) for the two RDGs on weak buses 19 and 30 using the proposed CSA-PSO algorithm. Following this minimum value, with increasing the RDGs size (three RDGs on buses 19, 26, and 30 with the total size of 71.047 MW), the total power losses increases to 2.56471MW as shown in Figure 9 . Therefore, the optimal size and number of RDGs can be determined easily. As a result, the two RDGs at weak buses 19 and 30 have superior performance compared with the other cases in terms of total cost minimization and total power losses minimization. In the case of total cost minimization, the optimal sizes of RDGs 19 and 30 are 43.408MW and 36.287MW, respectively, in which their optimal sizes are 43.464MW and 16.567MW in the case of total power losses minimization.
A new reduction percent formula shown in Eq. (22) can be used to calculate the total cost reduction and the total power losses reduction. These will help us to differentiate between the weak buses to select the best RDGs penetration case. Figure 10 shows the total cost reduction for RDG19, RDGs (19 and 30) , and RDGs (19, 26, and 30) , which have the best results among the three cases based on the objective function of total cost minimization. The best one among the cases of RDG19, RDGs (19, and 30) , and RDGs (19, 26 and 30) , is that which has the highest total cost reduction percent. This will guide and assist us to select to choose the optimal numbers of RDGs based on economic benefits. As shown in Figure 10 , RDGs on 19, and 30 have the highest total cost reduction (22.9%) compared with RDG 19 and RDGs (19, 26, and 30); 13.26% and 22.699%; respectively. Therefore, RDGs 19 and 30 represent the best case of all cases in term of total cost reduction. On the other hand, Figure 11 shows the total power losses reduction percent for RDG30, RDGs (19, and 30) , and RDGs (19, 26, and 30) which have the best results among the three cases based on the objective function of total power losses minimization. The best one from these cases, RDG30, RDGs (19, and 30) and RDGs (19, 26, and 30) , is that which has the highest total power losses reduction percent. This will help us to choose the optimal numbers of RDGs in terms of technical benefits. As shown in Figure 11 , RDGs 19 and 30 have the highest total power losses reduction percent (76.15%) compared with RDG 30 and RDGs (19, 26, and 30) , 74.95% and 71.48%, respectively. Therefore, RDGs on buses 19 and 30 represent the best case of all cases in term of total power losses reduction. In brief, it can be concluded that, the insertion of RDGs on buses 19 and 30 has the highest total cost reduction and the highest total power losses reduction. Therefore, RDGs allocated on buses 19 and 30 are recommended where they will collect both technical and economic benefits for the power system network.
VII. CONCLUSION
The insertion of RDGs into the power system network provides many technical and economic benefits such as voltage stability, power losses reduction, reliability improvement, total cost reduction, and power system performance efficiency. This study proposed a novel CSA-PSO algorithm to solve the OPF problem with RDGs allocation at weak buses based on total cost generation minimization and total power losses minimization. Using the standard IEEE 30-bus test system three weak buses (bus19, 26, and 30) that have the lowest voltage in the case of a 25% load increase are selected to allocate RDGs initially on it. Three cases of RDGs insertion are covered; one RDG allocated (Case#1), two RDGs allocated (Case#2) and three RDGs allocated (Case#3). For one RDG allocated, RDG allocated on bus 19 is preferred based on total cost minimization objective where the power system has the lowest total generation cost by 694.22 $/h. Whereas, RDG allocated on bus 30 is preferred based on the total power losses minimization objective where the power system has the lowest total power losses by 2.2525 MW. For two RDGs allocated, RDGs allocated on weak buses 19 and 30 are preferred based on both total cost and power losses minimization objectives. RDGs allocated on weak buses 19 and 30 reduced both the total cost to lowest value (617.09 $/h) and total power losses also to 2.14425 MW compared with the previous case (Case#1) and other two RDGs insertion in Case#2. Both the total generation cost and the total power losses started to increase with the three RDGs insertion at the weak buses 19, 26, and 30; 618.698 $/h and 2.56471 MW; respectively, compared with the previous case (Case#2). Therefore, RDGs on buses 19 and 30 are preferred to minimize both the total generation cost and the total power losses. On the other hand, a new reduction percent formula is used to evaluate the total cost reduction and the total power losses reduction. These calculations will help us to differentiate between the best cases based on total cost minimization and the best cases based on total power losses minimization so that the best RDGs case among all best cases can be identified. The results revealed that RDGs allocated on buses 19 and 30 have the highest total cost reduction (22.9%) compared with RDG 19 and RDGs (19, 26 and 30) with 13.26% and 22.699%, respectively. Also, they have the highest total power losses reduction, 76.15%, compared with RDG 30 and RDGs (19, 26 and 30) with 74.95% and 71.48%, respectively. Therefore, buses 19 and 30 are preferred to allocate RDGs where they will achieve both technical and economic benefits for power system network. Finally, the simulation results revealed the superiority of CSA-PSO algorithm in solving the OPF problem with and without RDGs compared with PPSOGSA, TLBO and PSO for both the two objective functions (total cost and total transmission power losses minimization).
